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employing affinity purification techniques the phage par ticles containing sequences encoding the desired protein may be selected and the desired nucleotide sequences obtained therefrom. Thus, for example, novel proteins such as monoclonal antibodies may be produced and conven tional hybridoma technology avoided. 5, 580, 717 1.
RECOMBINANT LIBRARY SCREENING METHODS
This is a continuation of application Ser. No. 07/517,659 filed May 1, 1990, now U.S. Pat. No. 5,427,908.
FIELD OF THE INVENTION
The present invention relates generally to recombinant DNA technology and, more particularly, to methods for screening DNA libraries for DNA sequences that encode proteins of interest.
BACKGROUND OF THE INVENTION
Isolating a gene which encodes a desired protein from a recombinant DNA library can be a daunting task. Hybrid ization probes may facilitate the process, but their use is generally dependent on knowing at least a portion of the sequence of the gene which encodes the protein. When the sequence is not known, DNA libraries have been expressed in an expression vector and antibodies have been used to screen plaques or colonies for the desired protein antigen. This procedure has been useful in screening small libraries, but sequences which are represented in less than about 1 in 10 clones are easily missed, and screening libraries larger than 10 can be difficult.
Antibody molecules are comprised of light and heavy polypeptide chains, each having a distinct variable (V) region, the combination of which produces an antigen bind ing region. Based on random combination events of heavy and light chains in any one antibody-producing cell, the potential repertoire of antibody heavy and light chain com binations may be as much as 10' or greater. Thus, to sample a large fraction of this repertoire and obtain clones which express an antibody having a desired antigen binding speci ficity, an extremely large library may have to be constructed and screened.
Methods are needed which facilitate the screening pro cess, thereby enabling DNA sequences which encode pro teins of interest, and particularly antibody molecules, to be more readily identified, recloned and expressed. Were such procedures available, it may become possible to probe an animal's entire antibody repertoire, for example, to obtained an antibody to a preselected target molecule. In this manner the difficulties and labor intensive process of generating monoclonal antibodies, regardless of the species of origin, by conventional hybridization or transformation of lympho blastoid cells, may be avoided. Quite surprisingly, the present invention fulfills these and other related needs.
SUMMARY OF THE INVENTION
Methods are provided for screening a DNA library for a nucleotide sequence which encodes a protein of interest. The methods generally involve physically linking the protein of interest, in a biologically active form (usually having a binding activity), to the specific DNA sequence encoding that protein. This allows the isolation and identification of that DNA by means of affinity techniques relying on the binding activity of the protein of interest.
In one aspect of the invention a bacterial host cell is transformed or infected with a bacteriophage expression vector, which vector comprises a DNA library member joined to a first nucleotide sequence encoding a tag protein.
The vector also contains a second nucleotide sequence that encodes a tag ligand peptide that specifically binds the tag protein, which second sequence is joined to a third nucle otide sequence encoding a coat protein of the bacteriophage particle. The transformed or infected host cell is then culti vated under conditions suitable for expression and assembly of the bacteriophage particles and the association of the tag protein with the tag ligand peptide on the surface of the phage particle. Particles which encode the protein of interest are then selected from the culture by an affinity enrichment technique. This is accomplished by means of a ligand specific for the protein of interest, such as an antigen if the protein of interest is an antibody. Repeating the affinity selection procedure provides an enrichment of clones encod ing the desired sequences, which may then be isolated for sequencing, further cloning and/or expression.
In another embodiment the invention concerns methods for screening a DNA library expressing one or more polypeptide chains that are processed, folded and assembled in the periplasmic space to achieve biological activity. A non-lytic phage vector is preferred for this purpose. Particu larly preferred examples of such vectors are the filamentous phage fa, fl and M13. In this embodiment a library of DNA sequence members, each joined to a first nucleotide sequence coding for a tag protein, is cloned into an appro priate location of the phage genome, behind an appropriate promoter and translation sequences and a sequence encoding a signal peptide leader directing transport of the downstream fusion protein to the periplasmic space. The phage vector also contains a second DNA sequence inserted into a coat protein gene to express a tag ligand peptide acting as a ligand for the tag protein, which peptide is expressed in a location of the coat protein exposed to the external envi ronment of the phage and, so, is accessible forbinding by the tag protein. In a preferred embodiment this peptide is located at or near the N-terminus of the p coat protein. The protein(s) of interest are expressed and transported to the periplasmic space, and the properly assembled proteins are adsorbed to the phage particle by virtue of the interaction of the tag protein with the ligand peptides on the phage as the phage particles are extruded from the cell. Phage bearing the desired protein are then selected by means of a ligand specific for the protein of interest.
In yet another embodiment the invention concerns meth ods for screening a DNA library whose members are joined to a nucleotide Sequence encoding a coat protein of a bacteriophage vector. The phage may be a filamentous phage, such as, for example, fa, f1, or M13. Typically the DNA library sequences are inserted in the 5' region of a gene which encodes a phage coat protein, such as pH. Thus, a phage coat protein fused to a DNA library member-encoded protein is produced and assembled in to the viral particle. For those proteins whose activity requires more than one chain, the second and any subsequent chain(s) are expressed from the phage genome so as to be transported to the periplasm where they assemble with the first chain that is fused to the phage coat protein, which complex associates with the phage particle as it exits the cell. Phage particles which encode the protein of interest are selected by means of a ligand specific for the protein.
DESCRIPTION OF THE SPECIFIC EMBODIMENTS
Methods and compositions are provided by the present invention for conveniently identifying clones of desired recombinantly-produced proteins. A method of affinity enrichment allows for the screening of libraries to identify clones having desired ligand specificities, where up to about 5,580,717 3 10 or more clones may be readily screened. This represents a significant improvement over the art, where conventional procedures typically allow about 10" clones in a DNA library to be screened, sometimes up to 10 clones but with proportionate increases in time and labor, In one aspect the invention involves linking the desired protein, such as an antibody molecule, to the DNA which encodes it. By then enriching for the protein, such as by affinity techniques, for example, the DNA which encodes the protein is also enriched and may then be isolated. The DNA so obtained may then be cloned and expressed in other systems, yielding potentially large quantities of the desired protein, or may be subjected to sequencing and further cloning and genetic manipulations prior to expression.
The protein for which the DNA is enriched and cloned according to the present invention is typically an antibody or fragment thereof, but may also be any protein which may be cloned from a nucleotide library. In addition to antibodies, such proteins may include, for example, growth hormones, interferons, interleukins, hormones, enzymes, zymogens, etc. Proteins which may be cloned are those for which specific binding partners (e.g. antigen or hapten when the desired protein is an antibody) have been identified.
When Typically the protein's binding partner, e.g., an antigen or hapten when the protein is an antibody, is known, and the methods herein provide a means for creating and/or identi fying a protein (and the DNA which encodes the protein) which specifically binds the binding partner of interest. Thus when the protein is an antibody the present invention provides a novel means for producing antibodies, particu larly monoclonal antibodies, to predetermined antigens and antigenic determinants, thereby circumventing the labori ous, time-consuming and often unpredictable process of conventional monoclonal antibody technology. Although murine monoclonal antibody production is often relatively straightforward, it is laborintensive. Furthermore, the devel opment of human monoclonal antibodies by conventional approaches has been hampered by a variety of technical difficulties which, to a large extent, would be circumvented by the present invention.
According The invention also contemplates alternative methods for achieving efficient recombination of libraries encoding the separate protein chains. These alternatives include the use of multiple, rare cloning sites (e.g., Not I and Sfi I) used in subcloning sequences from one library into the other; or using phage vectors which exist in double stranded, plas mid-like form at some point in their life cycle (e.g., repli cative form "RF" DNA of filamentous phage), and to clone the separate libraries in different versions of the vector containing different cloning sites and different selectable markers (Amp(E) and TetCE), for example) The sequences from the separate libraries are joined so that a sequence of interest and a corresponding selectable marker from each library resides in each single phage genome. Application of double selection will enrich for those hosts harboring the combined phage genomes.
As mentioned, the vectors may be engineered to effi ciently clone the library amplification products. For example, oligonucleotides may be used to introduce the asymmetric restriction sites, a ribosome binding site at an optimal distance for expression of the cloned sequence, and cloning sites for the library amplification products.
In certain embodiments of the invention at least one of the library-encoded protein chains is cloned into a vector so as to be expressed fused to a tag protein. As used herein, a "tag" protein is meant to refer to a protein which has a specific binding affinity for a peptide or protein ligand. For example, the tag protein should have specificity for a peptide or protein ligand of at least about 3 to about 100 or more amino acids, preferably with an affinity exceeding at least about 10 to 10M, and more preferably equal to or greater than about 10M. A tag protein with more than one binding site for the tag ligand peptide provides a resulting increase in avidity, which greatly decreases the dissociation rate and somewhat relaxes the requirement for affinity at each site (the affinity of each binding site may then be as low as about 10M). The tag protein should be preferably less than about 100 kD but may be more, and should be of a composition such that its fusion with the protein of interest, e.g., the N-terminus of the tag with the C-terminus of an antibody heavy chain fragment, does not interfere with the binding of tag protein to the tag ligand peptide. The tag protein should also be such that its presence on the C-terminus of the protein (e.g., antibody fragment) does not in general alter the specificity of, or seriously reduce the affinity of the protein for its ligand (e.g., of an antibody for its antigan).
A sequence encoding the tag peptide ligand is engineered into or adjacent to a gene encoding a bacteriophage coat protein so as to display the ligand on the outer surface of the phage particle. Thus, when the foreign library DNA is expressed as a fusion protein with the tag protein, the specific binding pair ligand member will be accessible to bind the tag/desired protein fusion protein. If the desired library encoded protein is a multi-chain protein, such as an antibody, generally only one of the chains preferably the heavy chain if an antibody) is expressed fused to the tag protein. To minimize interference with the antigan binding region of the antibody or fragment thereof (which binding is used in the panning procedure described further below to isolate the phage encoding the desired antibody or other protein of interest) the tag protein is typically fused at the heavy chain C-terminus or the C-terminus of the desired fragment.
The density of tagging of the phage particles may be controlled by expressing the ligand peptide in a plasmid carrying an additional copy of the phage protein expressed at the desired level. In this case only a portion of the proteins going into the assembly of the phage would contain the peptide ligand to the tag protein.
Host cells are then infected with the phage, and cultivated under conditions allowing for the expression and assembly of phage particles. The appropriate host cells for bacterioph age are various strains of E. coli, specific examples depending on which of the several suitable vectors is chosen. Of course, phage having bacterial hosts other than E. coli may also be used.
Under the appropriate induction, the library-encoded pro tein chain-tag (and other library-encoded chains if the pro tein is multi-chained) is expressed and allowed to assemble in the bacterial cytoplasm. It should be noted that the assembly of some multi-chain proteins, such as some anti bodies, may be hindered to some extent in the bacterial cytoplasm. The induction of the protein(s) may be delayed until some replication of the phage genome, synthesis of some of the phage structural proteins, and assembly of some phage particles has occurred. The assembled protein chains then interact with the phage particles via the binding of the tag protein with its peptide ligand on the outer surface of the phage particle. The cells analysed and the phage bearing the library-encoded receptor protein (that corresponds to the specific library sequences carried in the DNA of that phage) are released and isolated from the bacterial debris. Once the cells lyse, any further binding of the antibodies to the phage should be prevented to minimize spurious binding between receptor protein and phage particles originating from differ ent cells. Because the ligand peptide on the phage surface may be in excess, an amount of the tag protein is added to the cell suspension before lysis sufficient to bind and block unoccupied peptide on the surface of phage released from the cells.
To enrich for and isolate phage which contain cloned library sequences that encode a desired protein, and thus to ultimately isolate the nucleic acid sequences themselves, phage harvested from the bacterial debris are affinity puri fied. A ligand or binding partner specific for the desired cloned library protein is used in the affinity purification. For example, when the desired protein is an antibody which specifically binds a particular antigen or antigenic determi nant, the antigen or determinant is used to retrieve phage having the desired protein on or a part of its outer surface. The ligand is typically adsorbed to an insoluble substrate, such as a particle or bead or plate. The phage so obtained may then be amplified by infecting into host cells. Addi tional rounds of affinity enrichment, as great as or greater than 10 fold per round, and amplification may be employed until the desired level of enrichment is reached or the target phage are no longer enriched relative to the background phage.
The enriched antibody-phage are also screened with addi tional detection techniques such as expression plaque (or colony) lift (see, e.g., Young and Davis, Science, 222:778-782 (1983) , incorporated herein by reference) whereby the same or another binding partner is used as a probe. Screening may employ additional assays (for a cata lytic activity, for example) which are used to detect, in situ, plaques expressing proteins having the desired characteris tics. The phage obtained from the screening protocol are infected into cells, propagated, and the phage DNA isolated and sequenced, and/or recloned into a vector intended for gene expression in prokaryotes or eukaryotes to obtain larger amounts of the particular protein selected.
In another embodiment, the library-encoded desired pro tein (or multiple chains comprising said protein) is trans 5,580,717 7 ported to an extra-cytoplasmic compartment of the host cell, usually the periplasmic space, to facilitate processing and/or proper assembly. This may be preferred when the desired protein is an antibody or the antigen binding region of antibody heavy and light chains. When extra-cytoplasmic transport of the desired protein is employed, the sequences encoding one or more polypeptide chains of the protein are cloned adjacent to appropriate transcriptional and transla tional signals and signal peptide leaders that will direct the mature chains to the periplasm. As above, however, at least one of the chains is cloned adjacent to or within a tag protein so as to be expressed as a fusion of the protein of interest and the tag protein. In the case of antibody chain fragments, the tag is preferably fused to the C-terminus of the antibody chain (usually the heavy chain, but alternatively the light chain) to minimize interference with the antigen binding region. For other proteins the tag may be placed in an N-terminal or C-terminal location or internally, but in any event the tag protein should not substantially interfere with the ability of the protein of interest to bind a specific binding partner which is used in the affinity enrichment protocol described herein.
In the above embodiment a sequence that encodes a tag ligand peptide is engineered into a sequence encoding a phage coat protein. A suitable location for the ligand may be, for example, the N-terminal region of a coat protein, par ticularly that of a filamentous phage such as fa, fl, M13, etc. The coat protein is chosen for its ability to incorporate a tag ligand at or near the N-or C-terminal and yet be appropri ately assembled into the coat of a phage particle.
A preferred example of this embodiment is the placement of a ligand peptide in the N-terminus region of the minor coat protein plII of bacteriophage fa. Before incorporation into the phage, pIII resides in the inner membrane of the host cell with its N-terminus protruding into an extracytoplasmic compartment, probably the periplasm. In this configuration the tag ligand peptide in the N-terminus of pIII is available for binding to the tag protein fused to the protein of interest. This complex is then incorporated into the mature phage particle as it exits the cell and the C-terminus embeds in the coat of the phage.
Under conditions appropriate for expression of the library-encoded protein, tag protein and ligand-coat protein, the protein of interest is expressed and transported to the periplasmic space where conditions are conducive for proper processing, folding and assembly (as is the case for antibody chains). Because at least one chain of the assembled protein is fused to a tag protein, the assembled protein of interest binds to the phage particle via the tag ligand as phage are extruded from the cell. The phage bearing the active protein of interest are then isolated by the affinity enrichment method described below and the DNA coding for the protein of interest is thereby obtained.
In yet another embodiment, the desired protein is also transported to an extra-cytoplasmic compartment of the host cell, such as the bacterial periplasm, but as a fusion protein with a viral coat protein. In this embodiment the desired protein (or one of its polypeptide chains if it is a multi-chain protein, such as an antibody) is expressed fused to a viral coat protein which is processed and transported to the cell inner membrane. Other chains, if present, are expressed with a secretion leader and thus are also transported to the periplasm or other intracellular but extra-cytoplasmic loca tion. The chains (e.g., light and heavy chains) present in the extra-cytoplasm then assemble into a complete protein (or binding fragment thereof). The assembled molecules become incorporated into the phage by virtue of their In this embodiment the synthesis and amplification of cDNAs is prepared as described above, and then is cloned into or near a vector sequence encoding a coat protein, where the vectoris, or is derived from, a filamentous phage, such as f1, fa, Pfl, M13, etc. In a preferred embodiment the filamentous phage is fa-tet. The phage vector is chosen to contain a cloning site located in the 5' region of a gone encoding a phage coat protein, such as, for example, the pil coat protein. An appropriate vector (e.g., fl-tet B1 which is described below) allows oriented cloning of foreign sequences so that they are expressed at or near the N-ter minus of the mature coat protein.
A library is constructed by cloning the cDNA (e.g., the V region) from the donor cells into a coat protein gone (e.g., gene III, "gll") cloning site. The cloned sequences of, for example, the V domains are ultimately expressed as polypeptides or proteins (of up to about 120 amino acids in the case of the V protein) fused to the N-terminus of the mature coat protein on the outer, accessible surface of the assembled phage particles. Although a large peptide frag ment near the N-terminus of the coat protein may cause a decrease in the phage infectivity and/or yield compared to phage with much smaller, similarly-placed fragments, the larger fragments may still be effectively enriched by the procedures described herein.
Some peptides, because of their size and/or sequence, may cause severe defects in the infectivity of their carrier phage. This causes a loss of phage from the population during reinfection and amplification following each cycle of panning. To minimize problems associated with defective infectivity, DNA prepared from the eluted phage is trans formed into host cells by electroporation or well known chemical means. The cells are cultivated for a period of time sufficient for marker expression, and selection is applied as typically done for DNA transformation. The colonies are amplified, and phage harvested as described below for a Subsequent round(s) of panning.
When the desired protein is a multi-chain protein, such as an antibody or binding fragment thereof, the cDNA encod ing the chain(s) not cloned into a phage coat protein may be cloned directly into an appropriate site (as described below) of the vector containing the first chain-coat protein library; or, preferably, the subsequent chain(s) may be cloned as a separate library in a different plasmid vector, amplified, and subsequently the fragments installed in the first chain-coat protein library vector. For example, when the first chain is an antibody heavy chain or binding fragment thereof, the ultimate destination of light chain V. cDNA sequence is in a vector phage RF DNA that already contains a V sequence in a coat protein gene, thus randomly recombining V and V. sequences in a single phage genome.
The second or subsequent chain of the desired multi-chain protein, such as V, is cloned so that it is expressed with a signal peptide leader sequence that will direct its secretion into the periplasm of the host cell. For example, several leader sequences have been shown to direct the secretion of antibody sequences in E. coli, such as OmpA (Hsiung, et al., Biotechnology 4:991-995 (1986) The cloning site for the subsequent chain cDNA's should be placed so that it does not substantially interfere with 5,580,717 9 normal phage function. One such locus is the intergenic region as described by Zinder and Boeke, Gene 19:1-10 (1982). The V sequence is preferably expressed at an equal or higher level than the V/pIII product to maintain a sufficiently high V concentration in the periplasm to pro vide efficient assembly (association) of V with V chains.
Generally, the successful cloning strategy utilizing a phage coat protein, such as pil of filamentous phage fa, will provide: (1) expression of a protein chain (or a first polypep tide chain when the desired protein is multichained, e.g., the V chain) fused to the N-terminus of a full sized (or nearly full sized) coat protein (e.g., pIII) and transport to the inner membrane of the host where the hydrophobic domain in the C-terminal region of the coat protein anchors the fusion protein in the membrane, with the N-terminus containing the chain protruding into the periplasmic space and available for interaction with a second or subsequent chain (e.g., V to form an F, or Fab fragment) which is thus attached to the coat protein; (2) adequate expression of a second or subse quent polypeptide chain if present (e.g., V) and transport of this chain to the soluble compartment of the periplasm; and (3) will usually, but not necessarily, produce little or no interference with normal phage function or host cell viabil ity.
The 10 to which the desired protein (e.g., antibody) is sought. The hapten is in one of several forms appropriate for affinity enrichment schemes. In one example the hapten is immo bilized on a surface or particle, usually anchored by a tether of enough length (3 to 12 carbons, for example) to hold the hapten far enough away from the surface to permit free interaction with the antibody combining site. The library of phage bearing antibodies is then panned on the immobilized hapten generally according to the procedure described in the Example section below.
A second example of hapten presentation is hapten attached to a recognizable ligand (again with a tether of some length). A specific example of such a ligand is biotin. The hapten, so modified, is incubated with the library of phage and binding occurs with both reactants in solution.
The resulting complexes are then bound to streptavidin (or avidin) through the biotin moiety. The streptavidin may be immobilized on a surface such as a plastic plate or on particles, in which case the complexes (phage-antibody hapten-biotin-streptavidin) are physically retained; or the streptavidin may be labelled, with a fluorophore, for example, to tag the active phage/antibody for detection and/or isolation by sorting procedures, e.g., on a fluores cence-activated cell sorter.
The phage bearing antibodies without the desired speci ficity are removed by washing. The degree and stringency of washing required will be determined for each protein of interest. A certain degree of control can be exerted over the binding characteristics of the antibodies recovered by adjust ing the conditions of the binding incubation and the subse quent washing. The temperature, pH, ionic strength, divalent cations concentration, and the volume and duration of the washing will select for antibodies within particular ranges of affinity for the hapten. Selection based on slow dissociation rate, which is usually predictive of high affinity, is the most practical route. This may be done either by continued incubation in the presence of a saturating amount of free hapten, or by increasing the volume, number, and length of the washes. In each case, the rebinding of dissociated antibody-phage is prevented, and with increasing time, antibody-phage of higher and higher affinity are recovered.
Additional modifications of the binding and washing procedures may be applied to find antibodies with special characteristics. The affinities of some antibodies are depen dent on ionic strength or cation concentration. This is a useful characteristic for antibodies to be used in affinity purification of various proteins when gentle conditions for removing the protein from the antibody are required. Spe cific examples are antibodies which depend on Ca' for binding activity and which released their haptens in the presence of EGTA. See Hopp et al., Biotechnology 6:1204 -1210 (1988 . Such antibodies may be identified in the recombinant antibody library by a double screening technique isolating first those that bind hapten in the pres ence of Ca", and by subsequently identifying those in this group that fail to bind in the presence of EGTA.
Antibodies with certain catalytic activities may be enriched in groups of antibodies with high affinity for reactants (substrates and intermediates) but low affinity for products. A double screen to enrich for antibodies with these characteristics may be useful in finding antibodies to cata lyze certain reactions. Further, catalytic antibodies capable of certain cleavage reactions may also be selected. One 65 category of such reactions is the cleavage of a specific end group from a molecule. For example, a catalytic antibody to cleave a specific amino acid from an end of a peptide may be selected by immobilizing the peptide and panning the 11 antibody library under conditions expected to promote bind ing but not cleavage (e.g., low temperature, particular ionic strength, pH, cation concentration, etc., depending on the nature of the end group and the cleavage reaction) and followed by a wash. This allows antibodies that recognize the end group to bind and become immobilized, and from this group will come those capable of cleavage. To find those capable of cleavage, the conditions are shifted to those favorable for cleavage. This step will release those antibody phage capable of cleaving themselves free of the immobi lized peptide.
An alternative way to accomplish this is to pan for antibodies that bind to the specific end group by attaching that end group to a bond different from that to be cleaved (a non-peptide bond, for example). By subsequent panning (of the positive phage from the first screen) on the end group attached via the proper bond under cleavage conditions, the non-binding fraction will be enriched for those with the desired catalytic activity.
To elute the active antibody-phage from the immobilized hapten, after washing at the appropriate stringency, the bound (active) phage are generally recovered by eluting with pH shift. For example, pH2 or pH11 may be used, which is then neutralized and the eluted phage are amplified by infecting or transforming the host cells. Examples of such hosts are E. coli, MC1061-FKAN or K91. The cells are then grown as tetracycline resistant colonies. The colonies are scraped up and the extruded phage are purified by standard procedures as before. These phage are then used in another round of affinity enrichment (panning), and this cycle is repeated until the desired level of enrichment is reached or until the target phage are no longer enriched relative to the background phage. Repeated rounds of panning and inter vening amplifications can provide levels of enrichment exceeding 10-fold. To isolate individual clones, phage from the final round of panning and elution are infected into cells or their DNA is transformed into cells and grown on agar (usually L-agar) and antibiotics (usually tet) to form well separated individual colonies, each of which is a clone carrying phage genomes with both V and V sequences. The single stranded DNA from phage particles extruded from each colony may be isolated and DNA coding for the V and V fragments sequenced. The replicative form of the phage DNA (double stranded) may be isolated by standard means and the DNA in the cloning sites (V and V. sequences) recloned into a vector designed for gene product expression in prokaryotes or eukaryotes to obtain larger amounts of the particular antibodies selected in the screen ing process.
Phage identified as having an antibody recognized by the target ligand are propagated as appropriate for the particular The following example is offered by way of illustration, not by way of limitation.
EXAMPLE I
This Example describes a procedure for isolating an antibody which binds to a preselected antigen, and thereby isolating the nucleotide sequences which encode the anti body. An immunoglobulin expression library is prepared from mouse spleen cells using a filamentous phage, fa. The antibody heavy chains are expressed as fusion proteins with coat protein pil. Phage particles which contain the antibody of the desired binding specificity are isolated by means of a panning procedure using the preselected antigen.
Construction of Vectors
A filamentous bacteriophage vector, faTetB1, was con structed from the tetracycline resistance transducing vector fdTet (Zacher et al., 1980) . The cloning site in fdTetB1 was engineered into the N-terminal region of gene III, and comprises two noncomplementary BstXI sites separated by 18 bases. This was accomplished by first removing a BstXI restriction site that was already present in the TN10 region of faTet. RF DNA was digested with BstXI restriction endonuclease, followed by the addition of T4 polymerase to remove the protruding 3' termini. Blunt ended molecules were then ligated and electrotransformed into MC1061. RF DNA was isolated from several tetracycline resistant trans formants and was digested with BstXI restriction endonu clease. A clone which was not digested with this enzyme was selected for insertion of the cloning site by site directed mutagenesis (Kunkel et al., Meth. Enzymol, 154:367-382 (1987) ) with the oligonucleotide 5'TATGAGGTTTTGCCA GACAACTGGAACAGTTTCAGCGGA GTGCCAGTA GAATGGAACAACTAAAGG-3'. Insertion of the correct mutagenic sequence was confirmed by dideoxy sequencing of RF DNA that was isolated from several tetracycline resistant transformants.
Construction of Degenerate Oligonucleotide Library
Vector faTetBSN was constructed to contain a pair of non-complementary Sfil sites in the TN10 region. This site is the ultimate destination of the expression cassette from the light chain library. faTetB1 was opened at the unique HindIII site. Two synthetic, complementary oligonucle otides were kinased and annealed to form the structure AGCTGGCCGCAGCGGCCGCGGCCGCGGCCGGTCCGGCC phage vector used. For fa-tet this is done in a liquid culture of rich medium (L-broth, for example) with antibiotic (Tet) selection. The phage are harvested and DNA prepared and sequenced by standard methods to determine the DNA and amino acid sequence of the particular antibody.
The DNA may be recloned in a suitable eukaryotic or prokaryotic expression vector and transfected into an appro priate host for production of large amounts of protein.
Antibody is purified from the expression system using standard procedures. The binding affinity of the antibody is confirmed by well known immunoassays with the target 60 65 CCGGCGTCGCCGGCGCCGGCGCCGGCCAGGCCGGTCGA This oligo was ligated to the HindIII site of fidTetB1 by standard methods. A properly ligated and circularized mol ecule should contain no HindIII sites, so after inactivating the ligase, the reaction was recut with HindIII to linearize those plasmids that had not taken up an insert. This material was then transformed into E. coli and selected on tetracy cline. The structure of the resulting molecules was verified and these were designated faTetBSN.
To construct the vector faTetSXNS, faTetBSN was opened at the BstXI sites and an oligonucleotide, annealed to give the following structure 5,580,717 13 GCCTCGAGA GCA CGA CGT ACT AGT GCT TGT AGAT CGGAGCTCT CGT GCT GCATGATCACG was ligated to the BstXI sites of fidBSN to provide unique XhoI and Spel sites to receive the heavy chain fragments.
The plasmid vector pVL was constructed by digesting pUC19 with A1 wNI and polishing the ends to bluntness. An Sfi site was introduced by ligating the annealed oligonucle antigen binding domains. The primers also contain appro priate restriction site sequences as described below. The amplified, double-stranded fragments are digested with the appropriate restriction nucleases and ligated to the compat ible sites in the respective vectors. For the heavy chain fragments this is accomplished by the incorporation of XhoI sites into the 5'-PCR primers and SpeI sites into the 3'-prim ers. These sites are then exposed by digestion and ligated to the corresponding sites in the digested faTctSXNS vector. The ligation products were transformed by electroporation into E. coli MC1061 and, after outgrowth, selected on tetracycline.
For the light chain library, the light chain fragments are amplified with 5'-PCR primers containing Saci sites and 3'-primers containing Xbal sites. The sites on the fragments are opened and ligated to the corresponding sites in pVL. The ligation products are then transformed by electropora tion into E. coli MC1061. After outgrowth, transformants were recovered by selection on ampicillin.
Construction of the combined heavy-light chain expression library DNA from the light chain library (in pVL) was digested with Sfil. The larger of the two resulting fragments, which contains the light chain expression cassette, is isolated and ligated in several-fold molar excess to DNA of the heavy chain library (in faTetSXNS) that has been digested with Sfil. The ligation products are transformed by electropora tion into E. coli MC1061 cells. After a period of outgrowth, the transformants are double-selected on amplicillin (100 lug/ml) and tetracycline (20 uglml Isolation of Phage Purified phage from liquid cultures are obtained by clear ing the supernatant two times by centrifugation, and pre cipitating phage particles with polyethylene glycol (final concentration 3.3% polyethylene glycol 8000, 0.4M NaCl). Following centrifugation, phage pellets are resuspended in TBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) and stored at 4 C. Phage are also isolated from plate stocks in this manner, after scraping colonies from the agar surface and resuspending in L-broth.
Affinity Purification
Approximately 10-10 library equivalents of phage are reacted overnight with 1 ug purified antibody at 4°C. The mixture is panned by a procedure as follows. A 60x15 mm polystyrene petri plate is coated with 1 ml of streptavidin solution (1 mg/ml in 0.1M NaHCO, pH 8.6, 0.02% NaNs) and is incubated overnight at 4°C. The following day the streptavidin solution is removed. The plate is filled with 10 ml blocking solution (30 mg/ml BSA, 3 ug/ml streptavidin in 0.1M NaHCO, pH 9.2, 0.02% NaN) and incubated for 2 hours at room temperature. Two micrograms of biotiny lated goat anti-mouse IgG (BRL) are added to the antibody reacted phage library and incubated for 2 hours at 4° C. Immediately before panning, blocking solution is removed from streptavidin coated plate, and the plate is washed 3 times with TBS/0.05% Tween 20. The antibody-reacted phage library is then added to the plate and incubated for 30 minutes at room temperature. Streptavidin coated agarose beads (BRL) may also be used for this affinity purification. The phage solution is removed and the plate is washed ten times with TBS/0.05% Tween 20 over a period of 60 minutes. Bound phage are removed by adding elution buffer (1 mg/ml BSA, 0.1N HCl, pH adjusted to 2.2 with glycine) to the petri plate and incubating for 10 minutes to dissociate the immune complexes. The eluate is removed, neutralized with 2M Tris (pH unadjusted) and used to infect log phase F-containing bacterial cells. These cells are then plated on LB agar plates containing tetracycline (20 pg/ml), and grown overnight at 37 C. Phage are isolated from these plates as described and the affinity purification process was repeated for two to three rounds. After the final round of purification, a portion of the eluate is used to infect cells and plated at low density on LB tetracycline plates. Individual colonies are transferred to culture tubes containing 2 ml LB tetracycline and grown to saturation. Phage DNA is isolated using a method designed for the Beckman Biomek Work station (Mardis and Roe., Biotechniques, 7:840-850 (1989) ) which employs 96-well microtiter plates. Single stranded DNA is sequenced by the dideoxy method using Sequenase (U.S. Biochemicals) and an oligonucleotide sequencing primer (5'-CGATCTAAAGTTTTGTCGTCT-3") which is complementary to the sequence located 40 nucleotides 3' of the second BstXI site in flTetBi.
It is evident from the above that compositions and meth ods are provided which substantially increase the ability to isolate nucleotide sequences which encode proteins of inter est, particularly antibodies, from a large DNA library. This is especially encouraging, in that these methods and com positions may be employed to recover or produce de novo many proteins, and particularly monoclonal antibodies, use ful as therapeutic or prophylactic compositions, diagnostic reagents, catalytic compounds, etc. previously obtainable only by extensive experimentation, if at all. The invention herein provides a means to circumvent many of the diffi culties associated with traditional methods of monoclonal antibody technology, and particularly human monoclonal antibody technology. Further, the proteins identified by the present invention are produced by recombinant means, pro viding additional advantages of, inter alia, convenience, Substantial purity and economics.
Although the foregoing invention has been described in some detail by way of illustration and example for purposes of clarity of understanding, it will be obvious that certain changes and modifications may be practiced within the scope of the appended claims.
What is claimed is: 1. A method for screening a DNA library for nucleotide sequences which encode a FAB fragment comprising first and second polypeptide chains, one of which chains com prises a heavy chain variable region and the other of which chains comprises a light chain variable region, which FAB fragment binds specifically to a ligand of interest, said method comprising:
(a) effecting filamentous bacteriophage expression vector transformation of a host cell with:
(i) a first nucleotide sequence that encodes a fusion coat protein comprising of the first polypeptide chain fused to a coat protein of the bacteriophage; and (ii) a second nucleotide sequence that encodes the second polypeptide chain fused to a signal peptide that directs periplasmic secretion of said second polypeptide chain; (b) cultivating the transformed host cell under conditions suitable for expression and assembly of a bacteriophage particle with a coat comprising said fusion coat protein bound to said second polypeptide chain to form said FAB fragment on the coat of said bacteriophage par (c) selecting said bacteriophage particle encoding the FAB fragment that binds specifically to the ligand of interest by binding said bacteriophage particle to the ligand specific for said FAB fragment and removing particles that do not bind to said ligand. 2. The method of claim 1, wherein the coat protein is encoded by gll of the filamentous phage.
3. The method of claim 1, wherein the filamentous phage is selected from the group consisting of f1, fa, and M13 filamentous bacteriophage expression vectors.
4. The method of claim 3, wherein said filamentous bacteriophage expression vector is fa.
5. The method of claim 1, wherein the fusion coat protein comprises an antibody heavy chain variable region.
6. The method of claim 1, wherein the fusion coat protein comprises an antibody light chain variable region.
7. The method of claim 1, wherein the bacteriophage are isolated from the host cell after the expression and assembly of bacteriophage particles and before the selecting step.
8. The method according to claim 1, wherein expression of the antibody Fab fragment is inducible.
9. The method of claim 8, wherein the transformed host cell is lysed after cultivation and bacteriophage particles are isolated from cellular debris and then selected by binding said particles to a ligand specific for said antibody Fab fragment and removing particles that do not bind to said ligand.
10. The method of claim 9, wherein the bacteriophage particles which contain the nucleotide sequences encoding the antibody Fab fragment are enriched by repeating the Selection step at least once.
11. The method of claim 10 further comprising the step of isolating the nucleotide sequences which encode the anti body Fab fragment from the selected bacteriophage particle.
12. The method of claim 1, wherein from 107 to 10 host cells are transformed by electroporation with 107 to 10 filamentous bacteriophage expression vectors wherein said vectors differ from one another with respect to the antibody Fab fragment encoded by each vector.
13. The method of claim 1, wherein the fusion coat protein comprises an antibody heavy chain variable region.
14. The method of claim 1, wherein the fusion coat protein comprises an antibody light chain variable region. 15. The method of claim 13, wherein said antibody heavy chain variable region is located at the amino terminus of said fusion coat protein on said bacteriophage surface.
16. The method of claim 14, wherein said antibody light chain variable region is locked at the amino terminus of said fusion coat protein.
17. The method of claim 1, wherein the first chain is fused to the N-terminus of the coat protein.
18. A filamentous phage displaying a FAB fragment comprising first and second polypeptide chains, one or which comprises a heavy chain variable region and the other a light chain variable region, which FAB fragment binds specifically to a ligand of interest; wherein the first chain is fused to a coat protein on the outersurface of the phage and the second chain is complexed with the first chain.
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